Abstract
diameter, fuel oil outlet passage diameter and their interactions are influential factors 21 to the opening delay, while the fuel oil inlet passage diameter has the dominant effect 22 on the closing delay. A small control piston diameter together with a small fuel oil inlet 23 passage diameter contribute to a short opening delay, however, they lead to a significant 24 increase in the closing delay. Moreover, a small closing delay prefers a large fuel oil 25 inlet passage diameter. The selected Pareto optimum achieved a significant reduction 26 in both the opening delay and the closing delay under three different rail pressures. 27 
Introduction

33
Nowadays, the HPCR system has gained significant attention and application as one of 34 the most promising technologies for the control of internal combustion engines. The 35 electronic fuel injector, one of the key components of HPCR systems, is of particular 36 interest to researchers. Many studies have already been carried out around the injector 37 nozzle area, and on the influences of nozzle types and nozzle numbers on the internal 38 flow and cavitation performance, for example, Molina et al. [1] investigated the inner 39 nozzle flow and cavitation development of elliptical orifices, in that study, four nozzles 40 with different major axis orientation and eccentricity value were compared with each 41 other and also with the standard nozzle. Benajes et al. [2] , Payri et al. [3] , and Han et 42 al. [4] focused on nozzle orifice types for electronic fuel injectors, comparisons were 43 made between a cylindrical nozzle and a conical one. He et al. [5] , Moon et al. [6] and 44 on dynamic response, i.e. the opening delay and closing delay. 48 49 Few studies were found in the literature which considers the impact of electronic fuel 50 injector structural parameters on the dynamic response. Salvador et al. [8] compared 51 the influences of a standard diesel fuel and biodiesels on the dynamic behaviour of a 52 solenoid-operated injector. A change of the fuel oil outlet passage diameter from 0.246 53 mm to 0.27 mm was proposed to eliminate the needle lift and injection rate deviations 54 between the two fuels. The deviations were caused by a higher viscosity of the biodiesel 55 fuel comparing to the regular diesel fuel. Results showed that the opening delay of the 56 biodiesel fuel was reduced significantly under low injection pressure to match that of 57 the standard diesel fuel. Additionally, some related studies are also worth mentioning. 
119
RSM is a technique for performing optimisation based on a approximation model, 120 which was built on a statistical technique of analysing the data generated by DOE [24] . 121
Here, a non-parametric classification and regression method, the k-nearest method, was 122 used to generate the response surface of influential parameters on the dynamic response. 123
The k-nearest method [25] is an interpolation method with non-intensive computational 124 requirements. Therefore, it is suitable for dealing with large data sets. 125 
Modelling of the electronic fuel injector
135
The 1D simulation model of the fuel injector was built in the AMESim software. The 136 whole model was divided into three parts, i.e., the solenoid assembly, the injector body 137 and the nozzle assembly. The detailed modelling process is demonstrated below. 138
Modelling of the solenoid assembly 139
In Fig. 2, C1 is the solenoid spring, C2 is the solenoid coil, C3 is the control valve, V1 140 is the low-pressure chamber and C4 is the ball valve. The left part of Fig. 2 shows a  141 physical sketch of the solenoid assembly. The right part of the figure is part of a model 142 built according to the physical sketch. The control valve C3 is the moving element of 143 the solenoid assembly, which is raised up when the solenoid coil C2 is energised to take 144 the ball valve C4 off its seat, thus, opened the fuel oil outlet passage. 145 146 Fig. 2 Modelling of the solenoid assembly 147 
Modelling of the injector body 149
In Fig. 3 , C5 is the control piston and C6 is the mandrel pushing rod. O1 and O2 stand 150 for the control chamber fuel oil inlet passage and the fuel oil outlet passage respectively. 151 L1-L5 represent oil lines. V0 is the rail volume and V2 is the control chamber volume. 152
153
A model of the injector body is shown on the right part of Fig. 3 . In the model, a constant 154 pressure in the V0 was adopted to simulate the pressure in the common rail. The 155 common rail is connected to the injector through high-pressure pipes, i.e. L2 and L4. 156
The L2 leads to the control chamber via a short tube L3 and the control chamber fuel 157 oil inlet passage O1. The L4 leads to the nozzle part. The volume V2 represents the 158 volume of the control chamber. It is connected to the solenoid valve via the fuel oil 159 outlet passage O2. The piston model C5 from the AMESim software includes a rod 160 with the piston. In practice, no rod is seen in the control chamber, therefore, the diameter 161 of the rod is set to zero in the model. Moreover, the mass, leakage, piston surfaces and 162 stiffness of the C5 are also included according to their physical characteristics. Lines 163 L5 represent the fuel oil return lines. 164 
3.3 Modelling of the nozzle assembly 168 
Integration of the injector model 184
A complete sketch of the injector model is shown in Fig. 5 . It is the integration of the 185 solenoid assembly, injector body and the nozzle assembly. In this model, some 186 assumptions were made that all the variations are considered to be isothermal, so, the 187 fuel temperature was assumed to be constant along the injector and equal to the one at 188 13 the injector inlet, and the fuel properties were assumed to be constant [26] . Additionally, 189 a constant pressure source was adopted here to simulate the pressure from the high-190 pressure pump, which neglected the pressure fluctuations caused by the cyclical oil 191 supply from high-pressure pumps. Moreover, the pressure wave propagation was not 192 considered in the model too. 
Fuel properties 197
A common used #0 diesel fuel in China was used in the study, the main properties are 198 shown in Table 5 . 199 
Experimental facilities 201
The experiments were carried out on a HIL test rig. HIL is a kind of technology for 202 semi-physical simulation, where some components in the loop are replaced by software 203 models. The sketch of the HIL test rig is shown in Fig 6,  injection pulse widths were applied, i.e., 1ms, 1.5ms, 2ms and 2.5ms. The injection 247 mass comparison of simulation results and experimental results are shown in Fig. 8 . 248
The average steady-state mass flow rate calculated by the injection quantity data are 249 
Definition of the optimisation objectives 263
The details of the objective definition are shown in Fig. 10 , where the opening delay is 264 defined toΔT1, which is the delay between t1 and T2, and the closing delay is defined 265 toΔT3, which is the delay between t3 and T4. In other words, ΔT1=T2-t1 andΔT3= 266 T4-t3. A small opening delay and closing delay mean that a faster and better response 267 can be achieved which offers greater flexibility for developing multi-injection control 268 strategies. Thus, the opening delay and the closing delay are set as the two objectives 269 to be minimised. 270 
Optimisation model 277
An optimisation model was built within the modeFRONTIER software for multi-278 objective optimisation, as is shown in Fig. 11 . Firstly, a random sequence was adopted 279 in the DOE type. Then, an NSGA-II algorithm was selected. After that, a MATLAB 280 node containing a program for setting the nozzle diameters according to the nozzle 22 orifice number was created. An AMESim node was used to invoke the whole electronic 282 fuel injector model, where the displacements of the control signal and the needle valve 283 were generated. These data was firstly written into a text file, and to do this, appropriate 284 writing and reading rules needed to be developed. The text file is read by the MATLAB 285 node, where the control signal timings (t1, t2, t3 and t4) and needle valve lift timings 286 (T1, T2, T3 and T4) are calculated. The opening delay and the closing delay can thus 287 be obtained from the timings according to the definition shown in section 5.1. 288
Additionally, a constraint was set between the fuel oil inlet passage diameter and fuel 289 oil outlet passage diameter that the former should be smaller than the latter in each run. 290 
Boundaries and settings of input parameters 297
The boundaries and resolutions of input parameters are specified in Table 6 . References 298 for setting boundaries in the optimisation were obtained from parametric study. 299 
301
The range of nozzle orifice diameter (NZD) is set according to the parameter NZN, as 302 shown in Fig. 12 Table 7 gives detailed information about the calculation settings for the NSGA-II 309 method. The 100 initial random DOE designs were each coordinated with 20 310 generations runs [27] . Thus, a total number of 2000 runs were carried out. In theory, the 311 larger the numbers, the closer the optimal designs to the real Pareto frontier. Other 312 parameters were set as default values in the modeFRONTIER [28] . 313 314 Table 7 Calculation settings for the NSGA-II algorithm Fig. 13 shows that the IPD has a dominant influence 332 on the closing delay, which is nearly two to three times larger than CPD, which is the 333 second largest influential factor. The influences of the NZN and NZO on dynamic 334 response are much less than the IPD and CPD have. 335
Calculation settings 308
336
The effects of these important influential factors on the dynamic response were 337 demonstrated by RSM function charts at 160 MPa pressure, which is shown in Fig. 14.  338 These function charts were generated through the RSM function on selected parameters. 339
Only one parameter is changed at a time while other parameters are kept at the same 340 values as the baseline design. Thus, the way in which these important parameters affect 341 the opening delay and closing delay can be easily seen. It can be seen in Fig. 14 that the  342 increase in CPD and IPD leads to a huge rise in the opening delay. However, the 343 increase in OPD reduces the opening delay. As for the closing delay, this decreases with 344 an increase in parameters IPD and SP. When the CPD increases, the closing delay drops 345 accordingly. 346 However, it is exactly this net force pushes the needle valve upward to start the fuel 355 injection. In this condition, the smaller net force surely slows down the needle valve 356 opening velocity, and conversely, extends the opening delay. When the solenoid valve 357 is deactivated, the control chamber regains rail pressure and a larger opposite net force 358 pushes the needle valve downwards quickly, which reduces the closing delay. However, 359 the influence of CPD on the closing delay is much smaller than that on the opening 360 delay, proofs can be seen in the first row of Fig. 14.  361 
362
The IPD mainly affects the oil charge rate. A larger IPD brings in a bigger oil charge 363 rate when the solenoid valve is energised. Since the oil discharge rate in the oil outlet 364 passage remains the same, the pressure in the control chamber drops slower than with 365 a small IPD, which slows down the opening velocity at the opening stage and 366 accelerates the needle valve closing velocity at the closing stage. Thus a larger IPD 367 leads to a larger opening delay and a smaller closing delay and vice versa. Proof can be 368 seen in the second row of Fig. 14.  369 
370
An interesting phenomenon can be seen from the left column of Fig. 13 that the CPD 371 is the most influential factor in the opening delay at 80 MPa pressure and 120 MPa 372 pressure but its position is replaced by the IPD at 160 MPa pressure. As it is already 373 presented, the CPD affects the area on which the pressure exerts and the IPD affects the 374 fuel oil charge rate of the control chamber. Both of them affects the pressure force on 375 the upper surface of the control piston eventually. At high-pressure condition, a larger 376 oil charge rate can be seen than that at low-pressure condition, even the IPD remains 377 the same. This is the main reason for a more import role the IPD plays at high-pressure 378 condition. Another attracting phenomenon that the CPD is relevant to the closing delay 379 29 at low-pressure condition, and the relevance decreases at medium pressure and it 380 increases again at high-pressure condition, as shown in the right column of Fig. 13 Since the SPF remained the same, thus, the rates of the SPF to the pressure forces at 400 low-pressure condition are larger than that at high-pressure condition. Therefore, the30 SPF is more comparable to the small hydraulic forces at low-pressure condition, 402 however, it becomes ignorable to the large hydraulic forces when the pressure increases. Table 8 shows the specific values of the opening delays and closing delay 449 of the optimal design and the baseline design, and comparisons are made in Fig. 18 . 450 Table 9 reports the structural parameter details of the baseline design and the optimal 451 design. Since the selected optimal design reaches the maximum value of the OPD, which 468 implies the upper bound for the OPD might be set too small. Thus, a further study on 469 the OPD was carried out to examine the effects of it on injector dynamic response 470 independently at the three rail pressures respectively. Results are shown in Fig. 19 
